Introduction
National Trust historic house interiors rely principally on daylight for illumination of objects and artworks on display. Daylight adds interest and variety to the display of collections but is more difficult to manage for conservation than electric lighting.
Spaces with skylights and domes can be particularly challenging as they often receive high levels of daylight, including direct sun. Traditional light control measures such as blinds may be impossible to introduce in this type of space and other solutions must be sought. This paper describes an applied research project to protect one of the most important paintings in the National Trust from excessive daylight exposure. staircase with divided symmetrical flights was built, lit dramatically by segmental pendentive domes (Fig.  2) , a device adopted by Sir John Soane, Dance's pupil.
Hambletonian Rubbing Down hangs below the roof lantern on the Main Staircase at
Hambletonian's position here has been generally considered most suited to the painting's enormous physical (2.1m x 3.7m) and artistic presence. George Stubbs 1724-1806 exhibition at the Tate Gallery. 5 The catalogue includes a summary of the conservation and technical examination so only details relating to light sensitivity, such as faded pigments, are discussed in the following section. 6 5 Technique and light sensitivity
Stubbs experimented with wax along with many other artists in the eighteenth and nineteenth centuries, in search of the perfect - durable, translucent - paint medium.
Analysis revealed the presence of beeswax and pine resin in addition to drying oil, especially in the landscape, whilst other areas (such as the sky) were painted mostly in oil. This is typical of the change Stubbs made in his technique in the 1780s from primarily wax and resin to primarily oil, wax and resin. 7 The presence of wax raised concerns over heating from sunlight (the solubility of wax also makes the painting very vulnerable to damage by solvent cleaning). Examination revealed that the painting had previously been varnished five times, and that the underlying varnish layers had deteriorated with fissuring and discolouration probably caused by high levels of light exposure.
Photo-sensitive pigments were also found. A possible red lake outlined tiles in the rubbing down house to the left of the painting, which had faded to the point that the lines were visible only under ultraviolet illumination. Prussian Blue, known to fade to grey in sunlight particularly when mixed with white, was found mixed with lead white and calcium carbonate in the sky (this instability appears to be exacerbated by variation in manufacturing techniques). 8 Orpiment, which can photo-oxidise to white arsenic trioxide was mixed with Prussian Blue to create the greens of the landscape, along with yellow ochre, Patent yellow, and possibly Naples yellow. 9 In other studies orpiment has been found to darken under accelerated light ageing, possibly as a result of organic media or consolidants. 10 National Internationale d'Eclairage (CIE) define D65 as a standard daylight illuminant, but for the reasons described above, there is no standard for daylight illumination inside a building. However, for a daylight SPD to be perceived as non-neutral (i.e. with a distinct hue), it is generally case that the majority of the glazing would need to be tinted . 13 The SPD of daylight in the Stone Staircase was not monitored, however no noticeable hue in the illumination has ever been reported, nor noticed during visits by any of the authors.
Climate-based daylight modelling (CBDM) is the prediction of any luminous quantity The Radiance lighting simulation system is used as the 'engine' for the CBDM approach employed in this study. 15 What is probably still considered the definitive validation study for any daylight prediction method (physical model, analytical or simulation) was carried out in the mid-1990s using data collected by the Building
Research Establishment (BRE) as part of the International Daylight Measurement
Programme - the data are referred to as the BRE-IDMP validation dataset. 16 That study showed that illuminances predicted using the Radiance system for a point in time calculation (for a particular sun and sky configuration) could be within ±10% of measured values, and, as such, within the accuracy limits of the measuring instruments themselves. This quite remarkable degree of precision needs to be judged alongside the high level of inaccuracies (often in excess of 100%) that were determined to be fairly typical for physical modelling. The lighting simulation parameters that determine the potential accuracy and precision of the predictions were tested to ensure that the result (e.g. cumulative annual illuminance) converged to a stable, reliable value. The number of reflections (known as 'ambient bounces' in Radiance) was set to 7, and other key 'ambient' parameters were set to comparably high precision values. The construction and testing of the simulation are described in more detail elsewhere, 19 this paper focuses on the simulation outputs and their application to light control for Hambletonian. When comparing measured and simulated data it should be kept in mind that the measured lux exposures are determined in part by the weather conditions of the particular year of measurement, whereas the simulations are based on a standardised Belfast test reference year. Standardised climate files contain unique patterns of measurements that will never repeat in precisely the same way that they appear in measured climate data. However, one would expect annual summaries for overall performance measures to be broadly similar from one year to the next since the effects of unique patterns in the data become much less significant when a full year is considered. Accordingly, the agreement between measured and simulated data gave confidence in the accuracy of the simulation and its application to understanding the efficacy of light control interventions for Hambletonian.
Options for daylight control
The 6. Build an external structure over the dome to exclude daylight, which is electrically lit to give the impression of daylight.
The key criteria for the Mount Stewart project team were that any solution should be simple and reliable with low demands in terms of staff time and maintenance costs.
A solution had also to be implemented in the lifetime of the project which allowed little time for experimentation or delay.
Automated mechanical blind control was ruled out because of complexity and the likelihood of failure. The previous mechanically-controlled external blinds had worked for only a short time before corrosion in the salt air at Mount Stewart had caused them to fail and stick in a partially closed position. Building an external structure above the dome which could house the active blinds and protect them from the elements was considered too interventive, changing the external appearance of the glazed dome unacceptably and likely to be too costly and difficult to realise in the lifetime of the Mount Stewart project.
Of the solutions proposed (6) was ruled out on curatorial grounds. The project team felt there was a need to retain the impression of changing daylight conditions for the building occupants, which could not easily be replicated with electric lighting.
The structure required would also affect the external appearance of the building and be costly to build
Electrochromic glazing (5) is a new product, which is beginning to be used widely in the commercial building sector, for heat as much as light reduction. It is largely untried in historic buildings, though has been installed at the St. Johnsbury
Athenaeum, in the United States. 21 Studies have shown that, with an appropriate control strategy, a neutral spectrum of daylight illumination can be maintained even though the glazed panels appear blue when tinted. 22 This was considered too experimental and interventive for Mount Stewart, as well as too expensive. Project
Architect Richard Elphick had investigated reglazing the dome with electrochromic nano smart glass and estimated the cost to be around £40,000.
The option of a blackout blind would enable a very significant reduction in light levels by excluding daylight when it is not needed to view the paintings. However an internal blackout blind would detract from the presentation of the staircase, and any external structure would potentially be unsightly and would interrupt the natural change of daylight conditions, considered important for those working in the building.
The option of introducing external shading was therefore considered the most suitable form of light control, especially on the grounds of simplicity and ease of maintenance. A removable shade to be used for the summer months was considered impractical because of roof access safety issues and therefore attention was focussed on shading that could be fixed in place all year round, and preferred over the option of directional shading, which may have had some benefits for reducing peak daylight exposure but could not be explored because of project time The simulations showed that repainting with the darker paint finishes would reduce the annual light exposure from 3.5 mlxhr to 2.5 mlxhr and that introducing the mesh cover over the dome would further reduce the light exposure to 0.8 mlxhr. This is close to the National Trust's 0.6 mlxhr recommended maximum annual light exposure for moderately sensitive objects and would represent a great improvement for conservation of the painting. However, as these control measures were planned to be in place all year round, there was a risk that at times daylight illumination would fall below 50 lux, the value generally considered as the lowest light level that gives satisfactory viewing of artworks. 23 The simulation approach was able to help The prototype mesh cover by itself proved effective at light reduction, but as first installed it did not hold its shape well and creases in the mesh were visible from below the dome (Fig.  7) . The light reduction achieved by the mesh was assessed from lux data recorded by a sensor placed to the top left of Hambletonian's picture frame. 
Hambletonian was taken down and removed to storage in December 2013, whilst
the building was redecorated. It was not rehung until early 2015. During 2014 the opportunity arose to improve on the prototype mesh installation. Richard Elphick identified a marine mesh product, Phifertex® (a grey vinyl coated polyester mesh), as likely to be more resilient to the weather and UV degradation and easier to make into the precise shape and size needed to fit the glazed dome. The mesh screen was made by a marine sailmaker to the architect's specification and delivered to site and installed in early 2015. The mesh was secured in place using catches and lines developed for marine use (Fig.  8) . The calculation of annual light exposures from partial-year measured data has been described above. Ideally a year's control monitoring data would have been collected, followed by a year of data for each of the interventions, all with the sensor in the same location. However due to the short timescale and practicalities of the conservation and re-representation project, this was not possible. The redecoration of the Staircase required Hambletonian to be moved into storage in December 2013, so that a full year's data with the first mesh on the dome could not be collected.
Therefore the data were normalised to an annual light exposure using the method described earlier.
A full annual data set had been collected for the second mesh and paint finishes, but on redecoration the sensor was relocated for practical reasons to a position at the lower left of Hambletonian ( is noteworthy. This shows a higher than expected inter-year variability. Further investigations of weather station data are under way to check this result and will be the subject of a future publication. 
Comparing measured and simulated light exposure data
Throughout this research the measured and simulated data complemented each other: the measured data provided a benchmark for checking the simulation outputs, whilst simulation results such as the relative light exposure contribution of different months of the year have helped us to identify anomalies in the measured data.
The simulation results were available at the design stage for each of the interventions and enabled a prediction of resulting light exposure before installation, so that we could understand the light control benefits that would result.
There is reasonable agreement between the measured and modelled percentage reductions in light exposure for the Phifertex® mesh and paint finish interventions, where the measured light reduction was 9% less than predicted by CBDM (table  4) .
For the prototype mesh, the measured light reduction exceeded the predicted reduction by 20%. Sources of error include the model itself, particularly in terms of the rendering of the physical geometry and detailing of the main staircase and dome, which of necessity must be simplified: not every physical feature or its effect on daylight transmission or reflectance can be included, such as reflection from the frame top, which may have contributed to additional light being recorded by the lux sensor positioned there. Before the Mount Stewart conservation and re-presentation project, Hambletonian had been mounted in a frame flush-fitted to the wall and painted the same colour as the wall (Fig.  2) . After the redecoration in 2014,
Hambletonian was mounted in a traditional gilt frame (Fig.  9) as this was considered more in keeping with the new decorative scheme. The old and new frames will have different reflectance characteristics which are not represented in the simulation, which was made for the canvas surface of the painting and does not include calculations for shading or reflection due to the different frames. Furthermore, the prototype mesh may have been more prone to the accumulation of dirt, thereby reducing its light transmission, as it was not so tautly strung as the second mesh.
This latter mesh, in contrast, was observed to be in a clean state one year after installation. We have found the agreement between simulated and measured data sufficiently close for the measured data and model outputs to be used in a The risk of differential fading resulting from 'uneven' illumination arising from daylight was considered. The simulation demonstrates the evenness of the diffusive top lighting, with the variation in total annual illuminance across the horizontal top third of the painting with the sky colour being no more than 8%. By contrast, the vertical gradient of illuminance is far more pronounced, with total annual illuminance decreasing by 39% from the centre top location to centre bottom location. Given the horizontal thrust of the composition, it can be argued that any differential fading is unlikely to be evident to the viewer.
Whilst the lower light level is undoubtedly a benefit for conservation, there was concern as to whether the light control had reduced the winter light levels below the 50 lux required for satisfactory viewing. There was no evidence of this from visitors' or other building occupants' responses during the first year of opening: visitors' comment cards were universally positive about the re-display of Hambletonian.
The climate-based daylight model was used to predict the level of daylight illumination for visitors through the year, with Hambletonian's illuminance for winter and summer opening times, dividing the data into hours above and below 50 lux (Table  5 ). In summer 12% of the opening hours were below 50 lux, rising to 29% of the opening hours in winter. For these hours the average illuminance at the centre 
Conclusions
The application of climate-based daylight modelling in the project to improve light control of the top lit staircase at Mount Stewart enabled several beneficial outcomes:
1. Daylight characteristics of the main staircase are better understood. Direct sunlight is prevented from reaching any of the paintings because of the diffusing effect of the extant frosted glass. Furthermore, the simulation showed that, with clear glazing, direct sunlight would fall on the paintings on the adjacent walls but not Hambletonian itself.
2. CBDM has made evident the effect of different decorative schemes on reflected light. This demonstrates the potential for manipulating paint colours to enhance light management for conservation purposes so long as curatorial and presentation objectives are attained.
3. CBDM gave confidence to the decision to use a mesh cover by modelling how well it might work before any installation was begun.
4. Whilst a measurement sensor can record light exposure at a single reference point, close to, but not directly on an object, CBDM can give information on the spatial distribution of the light received across that object. Thus CBDM may more accurately represent the light exposure of the object itself rather than from measured data collected from an always slightly adjacent point.
5. Light data collected as part of routine monitoring required a significant research effort to produce robust datasets which accurately characterised the exposure conditions of Hambletonian with and without the mesh covers.
6. Further research is underway using high dynamic range (HDR) image capture at other National Trust properties. This has the potential to map the spatial distribution of light exposure in a historic building, producing an output similar to CBDM, but based on actual measurement rather than simulation.
7. Measurement and simulation both show the interventions have reduced light exposure to a level close to the upper acceptable limit for moderately light sensitive objects. In effect the mesh is acting as a neutral density filter, but as it is not adhered to the glass, it can be adjusted or easily replaced in the future.
8. The mesh cover has proved visually acceptable to both visitors and occupants, as evidenced through visitors comment cards and on usergenerated content websites such as Trip Advisor.
9. The mesh cover has proved robust, cost-effective and low maintenance a year after installation, whilst allowing for later modification. The success of the mesh cover has led to two more covers being designed and constructed for other roof lanterns in Mount Stewart's Staircase Hall.
However, some issues remain to be resolved in terms of implementing appropriate light control measures:
1. The presence of photo-sensitive pigments such as Prussian blue, orpiment and the remains of organic red lakes could be interpreted as suggesting that the annual light exposure should be reduced further to 0.15 mlxhr, or a steady illuminance maintained of 50 lux. In relation to this, and as part of the monitoring of the work, a programme of quinquennial colour measurement of Hambletonian's sky pigments has been instigated and will be reported in the future. Depending on results, further modulation of the light by including the application of a second layer of mesh during the summer months (JuneAugust) might be appropriate although safety issues with regard to roof access make this potentially too hazardous. In the longer term, and once its suitability is established, reglazing the roof lantern with electrochromic glass may also be an option.
2. Diffusive frosted glazing can increase exposure for objects not in direct sunlight, even if they are protected from direct illumination. On the positive side, this may help viewers in providing more even illumination, which cannot be achieved by a neutral density filter on its own.
In conclusion, this study has shown how techniques developed in building science research can be used to help solve practical conservation problems. In turn, this heritage project has enabled such researchers to develop their methodology and to use and analyse measured data alongside the simulation. Furthermore, the promising outcomes garnered in using climate based daylight modelling for top lighting have led to a study on side lit rooms, which the authors will report on in due course. 
